and OrthoDB (Zdobnov et al., 2016) . Enzyme orthologs were mapped to the species 1 3 9 tree with Evolview v2 (He et al., 2016) .
Enzyme activity assays. The conditions for cell extract preparation and dehalogenase activity 1 4 1 assays were described previously (Wang et al, 2016) , and o-phosphoserine phosphatase activity 1 4 2 assay were conducted following established protocols with some modifications (described in SI) 1 4 3 (Kuznetsova et al., 2006) . The enzyme activity is defined as µmol product produced min -1 mg previously (Wang et al, 2016) . For the metabolite profile analysis, in an anaerobic chamber 1 4 9
(Coy), each culture was sampled (0.2 ml), and gently filtered through a 0.1 µm-pore-size syringe analysis. The amount of acetate, malate and pyruvate from Dhb strain PER-K23 cultures was determined by HPLC using an ICS5000 system (Thermo scientific) equipped with an Aminex UV wavelength set to 210 nm. Amino acids and organic acids were detected using Liquid
chromatography Electrospray-coupled high resolution mass spectrometry (LC-ESI-HRMS) with a Dionex UHPLC system and a Q-Exactive mass spectrometer (Thermo Scientific) equipped
with a HESI II source (Thermo Scientific) and a Micro-splitter valve (IDEX Health & Science)
(described in SI). overlapping biosynthesis pathway between serine and pyridoxine, an essential cofactor involved
in central metabolism (Figure 1 ) (Lam and Winkler, 1990) . Previously, we found a promiscuous
serine hydroxymethyltransferase (Shmt; EC 2.1.2.1) possessing threonine aldolase activity in
Dhb, which allows serine salvage from threonine ( Figure 2A) . Moreover, this promiscuous
serine hydroxymethyltransferase is expressed in all available Dhb proteomes ( supplemented with both acetate and serine ( Figure S1A ). We then examined potential threonine to cultivate strain PER-K23 cultures. Therefore, the 3-13 C on pyruvate would be analysis of isotopomer distribution would reveal an enrichment in relative abundance of the M1
isotopomer of serine (M1/M0). By contrast, the M1 serine isotopomer would remain at natural abundance if Dhb salvages serine from threonine. Consistently, serine obtained from both (4.2~4.7%) ( Figure 2C ). By contrast, alanine, aspartate, and glutamate obtained from [3-1 9 9
13 C]pyruvate-fed Dhb cells revealed at least 3-fold enrichment in M1/M0 (~15%). Altogether, biosynthesis pathway is absent in Dhb, and serine is synthesized from the salvage pathway.
Interestingly, this salvage pathway is likely a major route for serine biosynthesis in SerB-lacking
Firmicutes and in Geobacter spp. (Figure 1 ) (Sung, et al 2006) .
Restricted NADPH regeneration in Dhb
The absence of the classical serine biosynthesis pathway in Dhb can result in many 2 0 6 metabolic defects because serine is the cellular C 1 pool donor and the precursor of purines and 2 0 7 1 0 other amino acids ( Figure 3A ) (Fan et al., 2014) . Recent studies also discovered that serine can pathway is NADPH-independent (embedded table in Figure 3B ) (Grundy and Henkin, 2002) . By
contrast, using threonine to synthesize serine would elevate cellular demand of NADPH for
amino acid synthesis by approximately 30%, assuming a protein composition similar to that of
Bacillus subtilis (Dauner and Sauer, 2001) .
According to Dhb genome annotation, seven potential enzyme reactions can contribute to
NADPH regeneration ( Figure 3A) , including a putative ferredoxin:NADP + oxidoreductase Among the seven NADPH-regenerating enzymes, MAE can replenish the intracellular 2 3 5
NADPH pool with malate supplementation ( Figure 3A) . Also, Dhb genomes possess malate permease (maeP; Accession K4LDY2) to uptake malate, with MAE being significantly
expressed in the proteomes of all Dhb strains (Table S1 ). Thus we examined if malate
supplementation can support Dhb growth on the acetate-based defined medium. Consistently,
strain PER-K23 cultures supplemented with acetate and malate showed a three-fold faster
dechlorination rate than that of cultures supplemented with acetate and serine ( Figure S1A ). To examine the hypothesis of restricted NADPH regeneration in Dhb, we performed 2 4 6 three consecutive 1% transfers of strain PER-K23 cultures using the defined medium 2 4 7
supplemented with both malate and serine but not acetate. Strain PER-K23 cultures were able to 2 4 8 deplete 1 mM TCE after three 1% transfers ( Figure S1B) . We then examined long-term growth alanine and aspartate were also detected in the culture supernatants. Since these two amino acids
are downstream derivatives of pyruvate (Figure 2A) , Dhb likely exports them to prevent
excessive NADPH production by isocitrate dehydrogenase ( Figure 3A) . However, citrate was
not detected in the culture supernatants (<0.1 µM). Altogether, our data suggested that both In this study, our integrated approaches have resolved the metabolic dependency of Dhb, cultures into context (Holliger et al., 1998) . Due to the lack of SerB, Dhb utilizes threonine to 3 1 5 synthesize serine and its derived amino acids. Also, due to the restricted NADPH regeneration
system, arginine is degraded to malate via fumarate for NADPH regeneration ( Figure 3A ) et al., 1986) . By contrast, when malate is available, Dhb becomes an amino acid producer, decarboxylated product,pyruvate ( Figure 4B ). This finding has explained the common co- consortia (Imachi et al., 2016 , Maphosa et al., 2012 , Tang et al., 2012 , Yoshida et al., 2009 .
However, amino acid export also limits Dhb's biomass generation, resulting in the unusual low NADPH regeneration (Figure 1) . For example, the classical serine biosynthesis pathway is 3 2 5 present in Dehalococcoides based on a 13 C incorporation experiment, and an incomplete Wood-
Ljungdahl pathway can support NADPH regeneration ( Figure 3A ) (Zhuang et al., 2014) .
Geobacter lovleyi, while lacking SerB, possesses a functional TCA cycle to respire acetate and 3 2 8
generate sufficient NADPH using isocitrate dehydrogenase ( Figure 3A ) (Galushko and Schink, After characterizing Dhb's metabolic dependency, we wondered if these nutrients are fermenting bacteria that often co-exist in organohalide-respiring consortia (Heimann et al., 2006) ,
while the presence of malate or serine has not been reported before. Therefore, we analyzed the the ACT-3 supernatants along with chloroform dechlorination to dichloromethane ( Figure S3) .
The spiked malate concentration lasted until the fed lactate was depleted, with malate not being 3 4 2 detected in the 1 M lactate stock based on LC-MS analysis (< 50 nM). Therefore, malate is a NADPH to drive a more NADPH-consuming pathway (SerB-independent pathway) for amino 3 4 7 acid synthesis (the embedded table in Figure 3B ). However, in contrast to strain PER-K23 present, but the concentration remained unchanged throughout dechlorination ( Figure S3 ). These by Dhb.
We then managed to identify the malate producer in ACT-3. Based on 16S rRNA pyrotag 1981, Macy et al., 1975 , Macy et al., 1978 , Miller, 1978 . Due to the lack of the heme support further malate fermentation to succinate ( Figure 5A) . Consistently, the closed genome of
Bac (accession CP006772) reveals complete pathways for lactate fermentation to acetate and 3 6 1 succinate (Tang and Edwards, 2013b), and multiple genes for H 2 -producing hydrogenases (Hyf; 3 6 2 EC 1.12.1.4) (Trchounian and Trchounian, 2013), but lacks most genes for heme biosynthesis. Moreover, citrate synthase, aconitase, and isocitrate dehydrogenase genes in the TCA cycle are
missing from the Bac genome (Figure 5B) , disrupting glutamate biosynthesis. Therefore, these 3 6 5 data, along with the specific malate requirement and unexpected glutamate export observed in strain PER-K23 cultures, portend a tightly entangled syntrophy between malate-consuming,
glutamate-producing Dhb and the malate-producing, glutamate-auxotrophic Bac. In this study, the proposed malate-pyruvate exchange between Bac and Dhb resembles 4 0 6 the mitochondrial malate-pyruvate shuttle in eukaryotic cells (Liu et al., 2002, MacDonald, 4 0 7 1995). In the malate-pyruvate shuttle, cytoplasmic pyruvate is first transported to mitochondria, in Figure 1) . Also, the oxidative TCA cycle is present in the genomes of all available
Bacteroides isolates but not in Bac. Accordingly, this study has found a relevant example in participated in data analysis and discussion. 
